, this signal-mediated motility block was abolished. HUE cells grown to confluency on microporous membranes responded similarly to ATP-LPA receptor co-stimulation, but only when the ligands had access to the basolateral membrane region. These data demonstrate that peroxisomal motility is subject to specific modulation from the extracellular environment and suggest a receptor-mediated signaling cascade comprising Ca 2⍣ influx, G i /G o proteins, phospholipase C, cPKC isoforms, MEK and PLA 2 being involved in the regulation of peroxisomal arrest.
Introduction
Motility of cellular organelles has fascinated observers for many decades. Among the movements known, some are remarkable with respect to their ability to be regulated directly by the extracellular environment. Chloroplasts in cells of photosynthetic leaves, for example, frequently respond to changes in light intensity by differential distribution. Under intense light, the organelles are packed closely at the cell sides, whereas when little light is available they are dispersed evenly (for a review, see Haupt and Scheuerlein, 1990) . Pigment granules of vertebrate chromatophores are distributed differentially in the cell upon neuronal or hormonal stimulation, allowing the animal to change color or pattern. The signal molecules 5476 © European Molecular Biology Organization involved bind to G protein-coupled receptors and subsequently induce granule aggregation or dispersion (Lerner, 1994) . The two processes are regulated differentially in that elevated intracellular Ca 2ϩ causes granule aggregation, whereas enhanced cAMP is responsible for granule dispersion (Oshima et al., 1986; Kotz and McNiven, 1994) . Similarly, mitochondria in the lower Malpighian tubule of the blood-feeding bug Rhodnius prolixus have been reported to move from below the cell cortex into the apical microvilli upon feeding in vivo or serotonin application in vitro (Bradley and Satir, 1979) .
Many cellular organelles have been described to be motile (Bereiter-Hahn, 1978; Cole and LippincottSchwartz, 1995; Rapp et al., 1996) , although the underlying mechanisms of regulation have not been elucidated in detail thus far. Frequently, the organelles exhibit movements in all directions, thus shuttling to and fro (Forman et al., 1987; Murphy et al., 1996; Rapp et al., 1996; Huber et al., 1997; Nilsson and Wallin, 1997; Wacker et al., 1997; Rodionov et al., 1998) . However, to ensure either single directed movements, a polarized net transport or a uniform distribution of organelles, motility events have to be regulated. This regulation might, for example, affect the activity of organelle-specific motor proteins, binding of motor proteins to the organelles or, as in the case of organelle arrest, function of specific cytosolic linker proteins (Pierre et al., 1992; de Zeeuw et al., 1997) .
As described previously (Rapp et al., 1996; Huber et al., 1997; Wiemer et al., 1997) , peroxisomes exhibit three distinct states of motility: saltation, oscillation and arrest. The motility state of a given peroxisome may change with time; however, the percentages of the whole population exhibiting these states remain unaffected. In CHO cells, under control conditions,~10-20% of the entire peroxisome population are saltating or at rest, presupposing association of the organelles with the cytoskeleton, whereas~70% are thermally oscillating. The peroxisomal movements were shown to be subject to regulation by a signaling cascade involving a heterotrimeric G protein of the G i /G o class, phospholipase A 2 (PLA 2 ), and arachidonic acid (AA). Activation of these proteins, followed by the release of AA, blocked peroxisomal movements (Huber et al., 1997) . Since in these experiments a prolonged incubation period of 20-30 min was necessary to achieve complete block of movements-G proteins are known to operate in fast signal transduction-we characterized this type of regulation further by investigating the involvement of extracellular signals. Various G protein-coupled receptors activating G i /G o have been described for CHO wildtype cells, including those activated by ATP (Felder et al., 1991; Traiffort et al., 1992; Iredale and Hill, 1993) , serotonin (Berg et al., 1994; Giles et al., 1996) , cholecystokinin (CCK) (Freund et al., 1994) , thrombin (Winitz et al., 1994) and lysophosphatidic acid (LPA) (Jalink et al., Organelle motility was analyzed by time-lapse imaging and evaluated as described in Materials and methods. The change in organelle motility due to treatment is expressed as a percentage, 100% motility representing no change. The mean distance covered by an organelle between two frames is given in micrometers. 1994, 1995) . In some instances, as for example the ATP receptor, stimulation of PLA 2 was demonstrated. However, since none of these agonists was able to influence peroxisomal motility, we applied various combinations of agonists. Co-stimulation of two different G proteincoupled receptors previously was shown to enhance the induction of cytoplasmic PLA 2 activity, a process involving phospholipase C (PLC), protein kinase C (PKC), Ca 2ϩ influx and mitogen-activated protein kinase (MAPK) (Felder et al., 1991; Lin et al., 1992 Lin et al., , 1993 Nemenoff et al., 1993; Piomelli, 1993; Clark et al., 1995; Fukuda et al., 1996) . Of all agonist combinations tested, costimulation with ATP and LPA (ATP-LPA) specifically inhibited peroxisomal motility both in CHO cells and in a cell line derived from human umbilical vein endothelium (HUE) (Clauss et al., 1996) . These data demonstrate that peroxisomal motility is subject to regulation by the extracellular environment. Since ATP and LPA receptors are widely distributed, this type of regulation might not be restricted to CHO and HUE cells.
Results

ATP-LPA co-stimulation induces peroxisomal arrest
In a search for the natural ligand(s) involved in the regulation of peroxisomal motility, we first investigated the activation of ATP receptors known to stimulate AA release in CHO cells (Felder et al., 1991) . However, ATP up to a concentration of 100 μM failed to block peroxisomal motility (Huber et al., 1997) . One possible explanation for this result might have been that the amount of AA released was too low. Therefore, we studied costimulation of ATP receptors with receptors for serotonin, CCK, thrombin and LPA, known to be present endogenously and to activate G i /G o in CHO wild-type cells. The results of these experiments are summarized in Table I . Of the different combinations, only the simultaneous activation of ATP and LPA receptors blocked peroxisomal 5477 motility, inhibiting both long-range saltatory and shortrange oscillatory movements (cf. Huber et al., 1997) . ATPγS, known to stimulate ATP receptor subtypes with a potency similar to ATP (Iredale and Hill, 1993 ; for a review, see Dubyak and El-Moatassim, 1993) , could completely replace ATP (Table I ; Figure 1 ). We therefore used ATPγS to avoid possible interactions with ectoATPases. Given alone, LPA, like ATP or ATPγS, did not influence peroxisomal motility (Table I; Huber et al., 1997) . Application of the agonists LPA and ATPγS within a time interval of 1 min resulted in peroxisomal arrest, whereas almost no decrease in peroxisomal motility was seen when the interval was extended to 5 min (Table I) , suggesting specific down-regulation of the LPA signal. Within 20 min after receptor co-stimulation, peroxisomal motility reverted to the control state (not shown). Blocking of motility upon administration of ATPγS and LPA was only found for peroxisomes. Mitochondria, lysosomes and endosomes did not change their movements (Table I) , and cytoskeletal reorganizations were not detected in CHO cells (Figure 2 ; cf. Rapp et al., 1996) . These observations suggest that peroxisomal movements are blocked by a peroxisome-specific mechanism.
ATPγS-LPA co-stimulation activates cytosolic PLA 2 Our observation that peroxisomal arrest requires the simultaneous activation of two different receptors may be interpreted in two ways. The receptors either act independently, each receptor activating distinct pathways, or their signaling converges on a certain point leading to synergistic effects. In order to differentiate between these two possibilities, we investigated the main constituents involved in these pathways. In a series of experiments, cells were treated with specific inhibitors for trimeric G proteins of the class G i /G o , PLC, classical protein kinase C isoforms (cPKC), PLA 2 and MAPK or were incubated in Ca 2ϩ -free medium, in order to monitor the effects of Ca 2ϩ influx. G i /G o was inhibited by pertussis toxin (Tamura et al., 1982) , PLC by U-73122 (Smith et al., 1990 ; Powis et al., 1992), classical PKC isoforms by 100 nM Gö-6976 (Martiny-Baron et al., 1993) , PLA 2 by ONO-RS-082 (Banga et al., 1986) and activation of MAPK was prevented by treating the cells with the MAPK kinase (MEK)-specific inhibitor PD-98059 (Pang et al., 1995) . Whereas all these inhibitors, as well as the Ca 2ϩ -free medium, did not influence peroxisomal motility per se, they effectively abolished peroxisomal arrest induced by ATPγS-LPA costimulation (Table II; cf. Huber et al., 1997) . To demonstrate that the main signaling components proposed to mediate this block become activated by the agonists, we studied PKC and MAPK activation. cPKC isoforms translocate to cellular membranes upon activation (for a review, see Newton, 1997) , whereas MAPK becomes specifically phosphorylated (Sturgill et al., 1988; Payne et al., 1991) . Therefore, membrane translocation of PKCα, the only cPKC isoform present in CHO wild-type cells (Clark et al., 1994; Tippmer et al., 1994) , and specific phosphorylation of MAPK were assayed following costimulation of CHO cells with LPA and ATPγS. As revealed by immunoblot analysis, both the amount of PKCα present in membrane-enriched fractions and the amount of specifically phosphorylated MAPK increased (Figure 3 ), suggesting that activation has occurred.
While these results strongly support the idea that signal transduction pathways leading to block of peroxisomal motility involve PLA 2 activation, some observations suggested that additional pathways seem to be required. When we determined the release of [ 3 H]AA as a measure of PLA 2 activation following receptor stimulation, we found 5478 Rapp et al., 1996) . Bar, 20 μm.
that ATPγS, serotonin and CCK only weakly increased [ 3 H]AA, whereas LPA markedly enhanced the release (Figure 4 ). Compared with LPA, ATPγS-LPA co-stimulation did not further enhance the release of [ 3 H]AA. Moreover, replacing LPA by either dioctanoyl glycerol (DiC 8 ), an analog of PLC-generated diacylglycerol, or thymeleatoxin, an activator of cPKC (Ryves et al., 1991; Roivainen and Messing, 1993) , prior to stimulation with Peroxisomal motility was analyzed by time-lapse imaging and evaluated as described in Materials and methods. The change in peroxisomal motility in pre-treated cells, stimulated as indicated during time-lapse imaging, is expressed as a percentage, 100% motility representing no change. The mean distance covered per peroxisome between two frames is given in micrometers.
ATPγS decreased peroxisomal motility far less than ATPγS-LPA co-stimulation (Table II) . In addition to PLA 2 activation, non-receptor tyrosine kinases are implicated in mediating the physiological effects of LPA receptor activation (for a review, see Moolenaar et al., 1997) . We therefore employed the src family tyrosine kinase inhibitor PP1 (Hanke et al., 1996) to investigate the possible participation of these enzymes in the ATP-LPA-induced block of peroxisomal motility. Pre-treatment of the cells with PP1 abolished extracellular signal-mediated peroxisomal arrest (Table II) , indicating that besides PLA 2 activation, pathways including tyrosine kinase(s) are required for the block of motility.
Polarized stimulation of ATP and LPA receptors in endothelial cells
Various cell lines, including endothelial cells (McLees et al., 1995; Patel et al., 1996a,b) , have been demonstrated to share signal transduction pathways similar to those mentioned above for CHO cells. In order to demonstrate that the observed regulation of peroxisomal motility by ATP-LPA is not restricted to CHO cells, we analyzed movement of peroxisomes in HUE cells. Under control conditions, we observed essentially the same motility characteristics as for CHO cells. However, in contrast to CHO cells, a confluent layer of HUE cells plated on glassbottom microwell dishes did not respond to ATPγS-LPA co-stimulation (Table III) . Since this observation might be the result of polarized receptor distribution, we selectively stimulated the basolateral membrane region with ATPγS-LPA. This was made possible by plating the cells on microporous membranes and inverting the membrane prior to mounting on the microscope stage as depicted in Figure 5 . Under these conditions, we observed complete peroxisomal arrest, which could not be achieved by application of each of the agonists alone (Table III ). These data demonstrate that ATP and LPA receptors mediate peroxisomal arrest in HUE cells and suggest a basolateral membrane localization of at least one of these receptors.
Discussion
Extracellular signals affect peroxisomal motility ATP and LPA receptors are widely distributed in various tissues and cell types, and were described to activate a broad spectrum of physiological responses. As reviewed by Moolenaar et al. (1997) , the LPA receptor may activate three distinct G proteins, G i , G q and G 12/13 . G i may activate ras via non-receptor tyrosine kinases and inhibit adenylyl cyclase, whereas G q and G 12/13 may lead to activation of PLC and rho, respectively. The biological responses to LPA are diverse, and include, for example, cell proliferation, stress fiber formation in serum-starved cells, neuro-transmitter release or transient inhibition of cell communication via connexin 43. ATP, which may be either secreted or released from damaged cells, was shown to activate various cell surface receptors that could also act in concert. They include both G protein-coupled receptors (P 2Y subclass) and ligand-gated ion channels (P 2X subclass). The physiological effects of P 2X receptors were studied frequently in excitable cells such as neurons or muscle cells and include, for example, membrane depolarization, calcium influx, contraction or secretion. Activation of P 2Y receptors was found to induce, for example, calcium mobilization, phosphoinositol hydrolysis and AA release, depending on the cell type. These events frequently may serve to modulate the biological responses to other stimuli (for reviews, see Dubyak and ElMoatassim, 1993; Brake and Julius, 1996) .
CHO wild-type cells contain receptors for ATP, LPA, CCK, serotonin and thrombin, known to activate trimeric G i proteins. However, stimulation of one of these receptors did not influence peroxisomal motility. Searching for the reasons for this inability, we noticed that various cellular processes, for example pigment granule aggregation (Kumazawa et al., 1984) , adenylyl cyclase activation (Federman et al., 1992) or tissue factor expression on the surface of endothelial cells (Clauss et al., 1996) , were shown to be induced by receptor co-stimulation. Similarly   Fig. 5 . Polarized cell culturing and imaging of peroxisomal motility in HUE cells (not to scale). Cells were plated on the outside of the microporous snapwell membrane and subsequently transfected by microinjection of GFP-PTS1 cDNA (Huber et al., 1997) . For timelapse imaging, the snapwell was inverted and mounted on a 24 ϫ 60 mm coverslip where it adhered due to the surface tension of the Hanks' solution, allowing focusing of the cells with immersion objectives (f ϭ 0.17 mm). Basolateral receptor stimulation is achieved by adding the drugs to the interior of the snapwell. Peroxisomal motility was analyzed by time-lapse imaging and evaluated as described in Materials and methods. The change in motility due to the drug treatment is expressed as a percentage, 100% motility representing no change. The mean distance covered by an organelle between two frames is given in micrometers.
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to this, Felder et al. (1991) reported that co-stimulation by receptor ligands and extracellular ATP of CHO cells transfected with various neuronal G protein-coupled receptors potentiated the ATP-mediated release of AA. Investigating the effect of co-stimulation with dual ligand combinations, we found that co-stimulation with ATP and LPA specifically induces arrest of peroxisomes, neither affecting the movement of various other cell organelles nor triggering of cytoskeletal reorganizations, which have been observed upon LPA administration (Moolenaar et al., 1997) .
Signaling pathways involved in peroxisomal arrest following receptor co-stimulation of CHO cells
Surveying the literature on the signaling pathways activated by ATP and LPA (for reviews, see Dubyak and ElMoatassim, 1993; Moolenaar et al., 1997) allowed us to hypothesize on the signaling events participating in ATP-LPA receptor co-stimulation, particularly the activation of PLA 2 . Following receptor-mediated Ca 2ϩ influx, PLA 2 may translocate to cellular membranes, e.g. the plasma membrane (Felder et al., 1990 ; J.D. Lin et al., 1992; Schievella et al., 1995) , and could be activated by phosphorylation mediated by a cascade involving PLC, Ca 2ϩ influx, PKC (Felder et al., 1990 (Felder et al., , 1991 ; for a review, see Clark et al., 1995) and MAPK (Lin et al., 1993; Nemenoff et al., 1993) . Ca 2ϩ influx as well as activation of MEK as a result of PKC activation (Sozeri et al., 1992; Schaap et al., 1993; Hawes et al., 1995; Yamaguchi et al., 1995; Ueda et al., 1996; van Biesen et al., 1996) both might be triggered by heterotrimeric G proteins, which also have been suggested to interact directly with PLA 2 (Jelsema and Axelrod, 1987 ; for reviews, see Axelrod et al., 1988; Clark et al., 1995) . Participation of trimeric G proteins of class G i /G o in the regulation of peroxisomal motility was documented in this study by analyzing the effects of pertussis toxin. Involvement of the other PLA 2 -activating components, PLC, cPKC, Ca 2ϩ influx and MEK, was verified by using specific inhibitors that effectively prevented the ATP-LPA-induced peroxisomal arrest. In addition, activation of PKCα and MAPK following ATP-LPA treatment was shown by immunoblot analysis, demonstrating the increase in both membrane localization of PKCα and specific phosphorylation of MAPK. While these observations underline the important role of PLA 2 in the process of regulating peroxisomal motility, some results obviously indicated the participation of additional signaling components. In particular, costimulation of cells with ATPγS and DiC 8 or thymeleatoxin decreased peroxisomal motility to a far lesser extent than ATPγS-LPA, suggesting that it is not only the activation of a PKCα-triggered cascade by the LPA receptor that mediates peroxisomal arrest. The observations that LPA alone does not affect peroxisomal motility and ATP-LPA co-stimulation does not increase the LPA-induced AA release further also argue for additional pathways triggered by ATP.
This view is compatible with our previous findings that PLA 2 inhibitors were not able to prevent peroxisomal arrest completely following direct stimulation of G proteins (Huber et al., 1997) . On the other hand, it seems to be contradictory to the observation that adding 1 mM AA to the medium or microinjecting PLA 2 -activating protein (PLAP) peptide caused peroxisomal arrest. To explain these discrepancies, we analyzed the concentration dependence of the AA-mediated block by microinjecting AA in concentrations up to 0.5 mM. These concentrations becomẽ 10-fold diluted within the cell. No change in peroxisomal movements was noticed following this treatment (not shown), suggesting that at high concentrations AA may perturb, for example, Ca 2ϩ homeostasis leading to peroxisomal arrest. On the other hand, the mechanism of cytosolic PLA 2 activation by PLAP is not yet understood and might involve signaling cascades rather than direct interaction with the enzyme. Indications for this may be derived from the close homology of PLAP to G β proteins (cf. M.A. and the fact that PLAP fails to activate a purified high-molecular-weight PLA 2 (Steiner et al., 1993) . Thus, the signaling cascades activated by microinjecting a PLAP peptide might well interfere with those acting on peroxisomal arrest.
Indications for the involvement of additional signaling components were also obtained by using the specific src family tyrosine kinase inhibitor PP1, which effectively prevented the ATP-LPA-mediated block of peroxisomal motility. src family tyrosine kinases might be part of the signaling machinery that is triggered by LPA receptors and otherwise comprises, for example, small GTPases of the ras or rho family (cf. Moolenaar et al., 1997) or phosphoinositol-3-kinase (Takeda et al., 1999) . Thus, peroxisomal motility might be regulated by a network of signaling components.
Similarly to peroxisomes, movements of pigment granules in melanophores recently were demonstrated to be regulated by complex signaling pathways. These include protein kinase A and PKC, which both activate different pathways leading to granule dispersion, as well as protein phosphatase 2A, which has been shown to be involved in granule aggregation (Reilein et al., 1998) .
ATP-LPA co-stimulation is not restricted to CHO cells
Co-stimulatory regulation of peroxisomal motility is not unique to CHO cells, but may be of more general character. In addition to CHO cells, endothelium-derived HUE cells also respond to receptor co-stimulation by ATPγS-LPA. Moreover, regulation of peroxisomal motility in these cells depends on their polarity in that only stimulation of the basolateral membrane region affected peroxisomal motility. This observation seems to be physiologically reasonable, since apical LPA receptors might be permanently occupied by LPA released from platelets (Eichholtz et al., 1993 ; for reviews, see Moolenaar, 1995; Moolenaar et al., 1997) . Specific basolateral stimulation could be mediated by LPA generated by the activity of secreted PLA 2 , acting as a distal mediator of inflammation (Vadas et al., 1993) , or by secreting the ligands from surrounding cells in a paracrine mode.
Physiological role of peroxisomal movements
Intracellular movements have been reported for most if not all cellular organelles, but only in a very few cases, such as axonal transport or pigment granule redistribution, is it obvious that these movements are essential for the functioning of the cell or the whole organism. However, since high amounts of energy are consumed by the cellular motors, we expect organellar movements to serve important functions. This idea is consistent with the observation that the machineries regulating these movements seem to be quite complex. Many high-copy-number organelles including peroxisomes (Rapp et al., 1996; Huber et al., 1997) , mitochondria (Forman et al., 1987) , secretory vesicles (Wacker et al., 1997) or endosomes (Murphy et al., 1996) frequently exhibit a to-and-fro type of shuttling in any direction at any given time point, resulting either in a net transport of the organelles (cf. Murphy et al., 1996; Wacker et al., 1997) or in a particularly even distribution. The latter has been demonstrated for the steady-state distribution of both aggregated and dispersed pigment granules (Nilsson and Wallin, 1997; Rodionov et al., 1998) and is most likely also the case for peroxisomes (Schrader et al., 1996; Huber et al., 1997) . Thus, we assume that keeping the organelles evenly distributed or precisely driving their net transport are important functions of organelle motility, including that of peroxisomes. Among the processes most easily affected by moving organelles are, for example, the shortening of metabolite diffusion distances, the inheritance of equal organelle populations in cell division or the continuous post-translational import of proteins into organelles such as peroxisomes, mitochondria or chloroplasts. Correct net transport and positioning of organelles, ensuring the maintenance of the evolutionarily optimized cellular organization and functioning, therefore might considerably improve both the effectivity and selectivity of cellular processes.
For mitochondria, molecular components of a machinery have been described that enable the cell to organize organelle morphology and distribution. Microtubules are the heart of this machinery, and components of it include the kinesin homologs KIF1B and KIF5B, the dynaminrelated proteins Drp1 and Dnm1p, an intermediate filament-like protein (Mdm1p) and various integral polypeptides of the outer mitochondrial membrane (McConnell and Yaffe, 1993; Nangaku et al., 1994; Otsuga et al., 1998; Smirnova et al., 1998; Tanaka et al., 1998 ; for a review, see Yaffe, 1999) . Most of these components have also been identified in yeast, and a common phenotype of mutants lacking one of them is mitochondrial aggregation and a defect in transmission of mitochondria to daughter cells. KIF1B and KIF5B were localized to mitochondria isolated from mouse cells. Targeted disruption of KIF5B resulted in embryonic death, and clusters of mislocalized mitochondria were found near the nucleus of cells derived from the visceral yolk sac of the mutant embryos (Tanaka et al., 1998) . Similarly to mitochondria, peroxisomes display striking differences in shape and distribution (Gorgas, 1984 (Gorgas, , 1987 . Peroxisomal morphology may vary between spherical and extended tubular structures, the latter of which may form dynamic networks. In various polarized cells, peroxisomes frequently are localized to specific cytoplasmic regions (Zaar et al., 1984; Bradke and Dotti, 1997) , raising the question as to the molecular components mediating and regulating the morphology, distribution and dynamics of the organelles. As with mitochondria, interaction of peroxisomes with microtubules may play a key role in these processes, a view that is supported by the observation of locally aggregating peroxisomes following either depletion of microtubules (Schrader et al., 1996) or impairment of biogenesis (Passreiter et al., 1998) .
As discussed above, cells respond to a specific signal by peroxisomal arrest, demonstrating that peroxisomal function can be modulated directly by physiological signals from the extracellular environment. Following a decrease in peroxisomal motility that is expected to interfere with metabolite diffusion, both the clearance of peroxisomal substrates and the evenness of distribution of peroxisomal products might be reduced. One example might be AA which is involved in inducing peroxisomal arrest; it is also a substrate for peroxisomal β-oxidation (Jedlitschky et al., 1991) and therefore might be part of a feedback loop regulating its distribution. Similarly to AA, both ATP and LPA can serve as locally active messengers, involved for example in inflammatory responses, and both may function as mitogens (Ishikawa et al., 1997; Neary et al., 1998 ; for reviews, see Dubyak and El-Moatassim, 1993; Piomelli, 1993; Clark et al., 1995; Moolenaar, 1995; Moolenaar et al., 1997) . Related to the physiological role of ATP-LPA-mediated peroxisomal arrest, we thus might speculate that this cellular response is involved in the induction of inflammation and subsequent regeneration upon injury.
Materials and methods
Cell culture and transfection CHO-K1 cells stably expressing the green fluorescent protein containing the peroxisomal targeting signal 1 (GFP-PTS1) were maintained as described (Huber et al., 1997) . HUE cells kindly provided by Dr W.Risau (Max-Planck-Institut für Physiologische und Klinische Forschung, Bad Nauheim, Germany) were cultured in MCDB-131 medium (Sigma, Deisenhofen, Germany) to which was added 10% fetal calf serum, 100 U/ml penicillin, 100 μg/ml streptomycin (Biochrom KG, Berlin, Germany) and 1700 IU/l heparin (Liquemin®; Hoffmann-La Roche, Grenzach-Wyhlen, Germany). For fluorescence microscopy, cells were plated on 32 mm culture dishes containing a central glass coverslip (MatTek Corp., Ashland, MA). Polarized receptor stimulation was investigated in HUE cells grown to confluency on the outer surface of a microporous membrane (snapwell™; Corning Costar, Bodenheim, Germany). The snapwell was inverted, mounted on a 60 ϫ 24 mm glass coverslip and installed on the microscope stage. Basolateral receptor stimulation was performed during image acquisition by adding the drugs to the upper snapwell reservoir ( Figure 5 ). HUE cells were transfected by microinjecting the GFP-PTS1 vector dissolved in microinjection buffer (Rapp et al., 1996) 1 day prior to analysis. . The x-axis shows translocation between two subsequent frames, given in pixels (one pixel corresponding to 108 nm), and the y-axis shows the numbers of peroxisomes. Before treatment, the total translocation of the 172 peroxisomes counted was 628 pixels (67.8 μm), resulting in a mean translocation of 0.39 Ϯ 0.38 μm. Following receptor stimulation, the total translocation of the 166 peroxisomes counted was 118 pixels (12.7 μm), yielding a mean translocation of 0.08 Ϯ 0.17 μm.
Receptor activation and drug treatment
to fatty acid-free bovine serum albumin (BSA) (Boehringer Mannheim, Mannheim, Germany) at a weight ratio of 1:10 and applied at concentrations of 37.5-50 μM. Serotonin (ICN, Eschwege, Germany) was dissolved in PBS and applied at concentrations of 100-150 μM. The sulfated C-terminal octapeptide of cholecystokinin (CCK-8; Peptides International, Bad Homburg, Germany) was dissolved in 1% (w/v) NaHCO 3 according to the manufacturer's recommendation and used at concentrations between 5 and 7.5 μM, whereas thrombin (Boehringer Mannheim, Mannheim, Germany) was added to the cells at a concentration of 1 U/ml from a 100-fold stock. U-73122 (Biomol, Hamburg, Germany), Gö-6976 (Alexis, Grünberg, Germany), PD-98059 (Biomol, Hamburg, Germany), ONO-RS-082 (Biomol, Hamburg, Germany) and PP1 (Calbiochem, Bad Soden, Germany) were dissolved in dimethyl sulfoxide (DMSO) and added to the cells at final concentrations of 2.5-5 μM, 100 nM, 20-25 μM, 15-25 μM and 20 μM, respectively. DiC 8 (Biomol, Hamburg, Germany) and the PKC activator thymeleatoxin (Biomol, Hamburg, Germany) were dissolved in ethanol and added to the medium at final concentrations of 0.3 mM and 1 μM, respectively. Final concentrations of DMSO and ethanol did not exceed 0.4%, which did not influence the motility of peroxisomes. Pertussis toxin (100 ng/ml) (Biomol, Hamburg, Germany) was added to the cells 24 h prior to analysis. Whereas receptor agonists were given simultaneously to the cells during time-lapse imaging, the signaling inhibitors and activators were applied 30 min (U-73122 and ONO-RS-082) or 10-20 min (Gö-6976, PD-98059, PP1, DiC 8 and thymeleatoxin) prior to video analysis and receptor stimulation. Immediately before fluorescence microscopy or drug treatment, the culture medium was replaced by Hank's buffered salt solution (Sigma, Deisenhofen, Germany) or Ca 2ϩ -free PBS. Mitochondria and lysosomes were labeled by pre-treatment of the cells according to the manufacturer's recommendation with MitoTracker™ and LysoTracker™ (Molecular Probes, Leiden, The Netherlands), respectively. Endosomes were visualized by fluorescein isothiocyanate (FITC)-dextran (mol. wt 70 000; Sigma, Deisenhofen, Germany) which was added to the medium for 15 min. Following washing, cells were incubated for a further 45 min prior to analysis.
Imaging and quantitation
Time-lapse imaging was performed on a Zeiss Axiovert 10 inverted microscope (Zeiss, Oberkochen, Germany). Images were acquired with a Photometrics CH250 CCD camera (1317 ϫ 1035 pixels) using the KHOROS software package (Rasure et al., 1990) as described by Herr et al. (1993) . A 63-fold magnification objective (Zeiss Plan-Achromat, ϫ63, N.A. 1.4) was used, each pixel thus corresponding to a 108 ϫ 108 nm area. The series usually consisted of 31 pictures taken every 16 s, including exposure time (~1 s), which was adjusted according to the fluorescence intensity. (Videos of the time-lapse imaging may be viewed at: http://www.rzuser.uni-heidelberg.de/~C14/movies/index.html) Changes in peroxisomal motility were determined by the following procedure: first, the time series were evaluated by animation. Most assays were repeated three times; some experiments were performed up to six times. Secondly, two subsequent frames of a time series suitable for further evaluation (i.e. exhibiting low background, no movements of the coverslip out of the focus plane or of the microscope stage, etc.) were selected to generate difference images, one showing the cells prior to and the other after agonist application (Figure 1) . Thirdly, by measuring the translocation of peroxisomes visible on both frames using the PMIS software (Photometrics, Tucson, AZ), histograms were generated, showing the number of peroxisomes covering certain distances (Figure 6 ). Finally, total translocation was normalized to the number of peroxisomes. By dividing the mean translocation determined after by that before agonist application, the percentages demonstrating the effects of receptor agonists were obtained (Tables I-III) . Thus, a value of 100% represents no inhibition, whereas 0% indicates complete inhibition of organelle motility. As revealed by repeated measurements on a single time series, an error of up to 20% could be inherent in this method of evaluation.
Immunofluorescence
Cells stimulated with ATPγS-LPA for 5 min were washed by quickly bathing the coverslips in PBS pH 7.4, and after fixation for 20 min in 3.7% formaldehyde in PBS they were permeabilized by 1% Triton X-100 in PBS for 4 min. Subsequently, cells were washed again with PBS containing 25 mM glycine and incubated at 37°C for 30 min with the primary antibody (anti-α-tubulin; Amersham Buchler, Braunschweig, Germany) diluted in PBS. A FITC-coupled secondary antibody was used to decorate the first antibody. F-actin was visualized by FITC-phalloidin, which was kindly provided by Dr H.Faulstich (Max-Planck-Institut für Medizinische Forschung, Heidelberg, Germany).
Immunoblot analysis
Subconfluent (~60%) CHO wild-type cells (8 cm plates) were deprived of serum by culture in serum-free α-minimal essential medium (MEM) (Biochrom, Berlin, Germany) supplemented with 0.2% fatty acid-free BSA for 40 h. Following co-stimulation with LPA and ATPγS for 2 min, the cells were washed once in ice-cold PBS, scraped in 0.22 ml ice-cold homogenization buffer (20 mM Tris-HCl pH 7.5, 125 mM NaCl, 0.5 mM CaCl 2 , 0.6 mM MgCl 2 , 0.33 mM Na 3 VO 4 , 1 mM phenylmethylsulfonyl fluoride, 6.7 μg/ml leupeptin) and were homogenized in a Teflon pestle tissue grinder. After centrifugation at 17 000 g for 10 min at 0°C, the supernatants were collected and used as a source for MAPK and cytosolic PKCα. The pellets were dissolved in homogenization buffer containing 0.5% Triton X-100, sonicated for 5 min and centrifuged at 17 000 g for 10 min, thus yielding the membrane (solubilized particulate) fraction.
Equal amounts of protein per lane were subjected to SDS-PAGE as described by Laemmli (1970) . Following transfer of the separated proteins to polyvinylidene difluoride membranes, PKCα and activated MAPK were immunodecorated using an isoform-specific rabbit polyclonal antibody against PKCα (Sigma, Deisenhofen, Germany) or the mouse antibody (clone 12D4; Biomol, Hamburg, Germany) specifically recognizing the pThr-Glu-pTyr motif of activated p42/p44 MAPK. Immunoreactive bands were detected by the enhanced chemiluminescence detection system (Amersham-Buchler, Braunschweig, Germany).
Measurement of [ 3 H]AA release
CHO cells were plated onto 24-well cluster dishes at 4 ϫ 10 4 cells per well. [ 3 H]AA release as a measure of PLA 2 activation was determined after labeling of the cells for 2 h at 37°C with 0.5 μCi of [ 3 H]AA (Hartmann Analytic, Braunschweig, Germany). Radioactivity was added in 0.5 ml of bicarbonate and serum-free Dulbecco's modified Eagle's medium (DMEM) containing 20 mM HEPES pH 7.4 and 0.2% fatty acidfree BSA. Cells were washed twice with 1 ml of DMEM supplemented as above and incubated for 20 min in 0.5 ml of the same medium containing the receptor agonists. 
